
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
:1

8:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Bimetallic coppe
aState Key Laboratory for Oxo Synthesis and

Chemical Physics, Chinese Academy of Scien

Sciences, P. R. China. E-mail: liwenxu@hzn
bKey Laboratory of Organosilicon Chemistry

Education, Hangzhou Normal University, H

2886 5135; Tel: +86 2886 5135

† Electronic supplementary informa
10.1039/c7ra06727e

Cite this: RSC Adv., 2017, 7, 37208

Received 16th June 2017
Accepted 21st July 2017

DOI: 10.1039/c7ra06727e

rsc.li/rsc-advances

37208 | RSC Adv., 2017, 7, 37208–3721
r and zinc-catalyzed oxidative
cycloaddition of 3-aminopyridazines and nitriles:
a direct synthesis of 1,2,4-triazolo[1,5-b]
pyridazines via C–N and N–N bond-forming
process†
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One-pot formation of the 1,2,4-triazolo[1,5-b]pyridazine nucleus and its derivatives is presented in this

manuscript, in which the desired targets are offered easily via cooperative Cu(I) and Zn(II)-catalyzed

tandem C–N addition and subsequent I2/KI-mediated intramolecular oxidative N–N bond formation.
The 1,2,4-triazolo[1,5-b]pyridazine scaffolds have been recog-
nized an important structural motif in medicinal chemistry,
especially showing excellent anti-asthmatic activity.1 In recent
decades, a series of synthetic methods for the synthesis of 1,2,4-
triazolo[1,5-b]pyridazine derivatives have been elaborated. To
date, the preparation of 1,2,4-triazolo[1,5-b]pyridazines is typi-
cally involved multistep reaction sequences. For example, as
shown in Scheme 1, the 3-aminopyridazine derivatives could be
converted into N,N-dimethylaminomethylene derivatives by
treatment with N,N-dimethylaminoformamide dimethyl acetal
(DMFDMA), and then reacted with hydroxylamine hydrochlo-
ride to afford formamide oxime, which treated with poly-
phosphoric acid to give the fused 1,2,4-triazolo derivatives.1,2 In
addition, the treatment of 3-aminopyridazine or 3-amino-6-
chloropyridazine with O-mesitylenesulfonylhydroxylamine
(MSH), and the subsequent cyclization with acylating agents,
such as formic acid, acetic anhydride and benzoyl chloride, was
also an effective procedure to the preparation of 1,2,4-triazolo
[1,5-b]pyridazine derivatives.3 Although the 1,2,4-triazolo[1,5-b]
pyridazine derivatives and its analogues could be obtained
successfully with multistep reaction sequences in the past
decades,4 some disadvantages existed in these classic methods,
including high temperature, low total yields and highly toxic.
Thus the development of one-pot novel methods to access the
1,2,4-triazole nucleus is highly desired.
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Recently, one-pot formation of 1,2,4-triazoles nucleus and its
analogues using copper-catalyzed tandem addition have also
been presented.5 And notably, metal-free oxidative N–N bond
formation to synthesize 1,2,4-triazoles skeleton was proved to
an interesting method for the oxidative construction of
heterocycles in the past years.6 In comparison to the previously
reported multistep methods, these catalytic one-pot trans-
formations provided a simple process for the synthesis of 1,2,4-
triazoles. However, to the best of our knowledge, there is no
reports on the copper-catalyzed oxidative cycloaddition of 3-
aminopyridazines and nitrile for the preparation of 1,2,4-tri-
azolo[1,5-b]pyridazine scaffolds. In addition, the development
of synthetic methods for the construction of substituted of
1,2,4-triazoles and its derivatives has been of longstanding
importance in medicinal chemistry.

Inspired by previous works on the triazoles,5–7 we envisioned
a straightforward strategy for the synthesis of the 1,2,4-triazolo
[1,5-b]pyridazine nucleus by one-pot oxidative cycloaddition
reaction of 3-aminopyridazine derivatives and nitriles involving
copper-catalyzed C–N bond formation and I2/KI-mediated
Scheme 1 Synthesis of the 1,2,4-triazolo[1,5-b]pyridazines.

This journal is © The Royal Society of Chemistry 2017
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oxidative N–N coupling. Herein we disclose a new and efficient
methodology for the preparation of chlorine-containing 1,2,4-
triazolo[1,5-b]pyridazine scaffolds that difficultly achieved by
previous reported methods.

Initially, to explore the feasibility of the copper-based cata-
lytic approach that reported by Ueda and Nagasawa in 2009,8 we
selected 3-amino-6-chloropyridazine and acetonitrile as
a model substrate for reaction evaluation. According to the
classic reaction conditions, when 1a and 2a were reacted in the
presence of 5 mol% of CuBr and 5mol% of 1,10-phenanthroline
as well as 10 mol% ZnI2 in dichlorobenzene (DCB), at 130 �C for
24 h under air (Scheme 1). Unfortunately, almost no desired
product was obtained in this case (Table 1, entry 1). Therefore,
the copper-catalyzed oxidative cycloaddition of 3-amino-6-
chloropyridazine is different from the copper-catalyzed
tandem addition-oxidative cyclization of 2-aminopyridines
and nitriles because of its low reactivity under the reported
reaction conditions. To explore this approach with copper
catalysis, we continued to optimized the cycloaddition reaction
of 3-amino-6-chloropyridazine. On the basis of the optimization
of reaction conditions, we were pleased to nd that the addition
of a stoichiometric amount of I2 or KI to the reaction system is
crucial to the formation of desired product 3a in the presence of
K2CO3. We hypothesized that the cooperative activation by both
CuBr and ZnI2 was the key step in the addition of 3-amino-6-
chloropyridazine to nitriles. To improve the oxidative cycload-
dition of 3-amino-6-chloropyridazine to nitrile, we further
added I2 and KI to the reaction system. To our delight, the
reaction gave the desired product in promising yield. Similarly
to previous report,9 I2/KI-mediated oxidative cyclization is
Table 1 Optimization of the reaction conditionsa

Entry Catalyst Solvent Additive Base Yieldb (%)

1c CuBr DCB ZnI2/—/— — 0
2 CuBr DCB ZnI2/—/KI K2CO3 0
3 CuBr DCB —/I2/KI K2CO3 6
4 CuBr DCB ZnI2/I2/— K2CO3 14
5 CuBr DCB ZnI2/I2/KI — 0
6 CuBr Toluene ZnI2/I2/KI K2CO3 29
7 CuBr DMSO ZnI2/I2/KI K2CO3 24
8 CuBr DCB ZnBr2/I2/KI K2CO3 5
9 CuBr DCB ZnI2/I2/KI K2CO3 40
10 CuBr DCB —/I2/— K2CO3 Trace
11 CuI DCB ZnI2/I2/KI K2CO3 8
12 Cu(OAc)2 DCB ZnI2/I2/KI K2CO3 Trace

a Reaction conditions: 1a (1 mmol, 1 eq.), 2a (10 mL), CuBr (10 mol%),
1,10-phenanthroline (10 mol%), ZnI2 (20 mol%), I2 (1 eq.), KI (1.1 eq.),
K2CO3 (3 eq.), DCB (2 mL). b Determined by LC-MS yield. c CuBr (5
mol%), 1,10-phenanthroline (5 mol%), ZnI2 (10 mol%). DCB is
dichlorobenzene.

This journal is © The Royal Society of Chemistry 2017
generally worked via the KI3-promoted N–N bond formation.
Notably, no predicted product was observed in the absence of I2
or K2CO3. In addition, the reaction also proceeded in toluene
and DMSO, albeit in lower yields. Interestingly, the other copper
sources, such as CuI and Cu(OAc)2, proved to be a negative
impact (Table 1, entries 11 and 12).

With the optimized cyclization conditions established above,
we further investigated the scope and generality of the synthetic
methodology. As shown in Table 2, benzonitriles bearing
halogen or triuoromethyl groups on aromatic rings afforded
the corresponding product in moderate yields, while electron-
rich benzonitriles reacted with 3-amino-6-chloropyridazine to
offer relatively low yields. Delightfully, the heterocyclic nitriles,
such as cyanopyridines and cyanothiophene, could also be
employed to give moderate yields of products. The reactions
performed smoothly when acetonitrile and benzonitriles were
employed as substrates to offer desired products in moderate
yields. 3-Amino-6-chloropyridazine with electron-donating
substituent, such as methoxy group, provided yield slightly
higher than that of halogen-containing substrates. In fact, the
conversion of 3-aminopyridazines was almost completed, and
the starting material was not observed aer the reaction. The
major reasons included: (1) the desired products were not good
in solubility in general organic solvents, thus the corresponding
yield was sacriced during purication by silica gel column
chromatography; (2) the side product might be insoluble
carbon-based material because this reaction was carried out at
high temperature.
Table 2 The substrate scope in the Cu/Zn-catalyzed synthesis of the
1,2,4-triazolo[1,5-b]pyridazinesa

Entry R1 R2 Product Yieldb (%) Conversionc (%)

1 H CH3 3a 63 >99
2 H Ph 3b 63 >99
3 H 4-FPh 3c 52 >99
4 H 4-MePh 3d 36 >99
5 H 4-OCF3Ph 3e 18 >99
6 H 2-FPh 3f 34 >99
7 H 2-ClPh 3g 22 >99
8 H 2-OMePh 3h 22 >99
9 H 2-CF3Ph 3i 39 >99
10 H 3-OMePh 3j 27 >99
11 H 2-Thiophen 3k 30 >99
12 H 3-Pyridin 3l 39 >99
13 H 2,4-Cl2Ph 3m 22 >99
14 4-OMe CH3 3n 33 >99

a Reaction conditions: 1 (0.77 mmol), 2 (1.93 mmol), CuBr (10 mol%),
1,10-phenanthroline (10 mol%), ZnI2 (20 mol%), I2 (0.77 mmol), KI
(0.85 mmol), K2CO3 (2.31 mmol), DCB (5 mL), 130 �C, 12 h, ambient
air. b Isolated yields. c Determined by GC-MS and HPLC.
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Scheme 4 Propose mechanism of the formation of 1,2,4-triazolo[1,5-
b]pyridazine 3.
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Notably, the gram-scale synthesis was also carried out.
Gratifyingly, the corresponding target 3a could be obtained in
the better yield (75% isolated yield, it is better than that with
above small-scale experiment, versus 63% yield) under the
standard conditions (Scheme 2), which revealed the practical
usefulness of present method in the preparation of large
amount of target product. In addition, to demonstrate the
synthetic utility of this method, 3a was treated with phenyl-
boronic acid and arylethynylene to evaluate its reactivity toward
the known Suzuki reaction and Sonogashira reaction. To our
delight, the corresponding products were obtained in moderate
yields, which may enhance the value of this newly developed
method (Scheme 3).

On the basis of the observed results and the LC-MS analysis
(see ESI†), we found the side products of this reaction is quite
complicated because of the formation of amidine intermediate.
Therefore, we suggested a plausible mechanism for the cycli-
zation process of 1,2,4-triazolo[1,5-b]pyridazine framework
(Scheme 4). The initial amidine intermediate II may be formed
rstly via copper-catalyzed intramolecular nucleophilic attack
of 1a on the nitrile 2.10 Next, amidine intermediate II might
provide an iodide intermediate III, promoted by base (K2CO3)
via the subsequent nucleophilic attack of N atom of the pyr-
idazine ring to afford ammonium ion 5, with cleavage of N–I
bond.6c,9 At the lasts step, the desired 1,2,4-triazolo[1,5-b]pyr-
idazine framework 3 was obtained aer the deprotonation and
aromatization (Scheme 4).

As described above, there is no reports on the copper-
catalyzed oxidative cycloaddition of 3-aminopyridazines and
nitrile for the preparation of 1,2,4-triazolo[1,5-b]pyridazine
scaffolds, which promoted us to consider it as a nitrogen-based
Scheme 2 Gram-scale synthesis of 3a.

Scheme 3 Gram-scale reaction and synthetic transformations of 3a.

37210 | RSC Adv., 2017, 7, 37208–37213
ligand for copper catalysis because of three nitrogen atoms on
this scaffold (Fig. 1). Accordingly, with such a series of 1,2,4-
triazolo[1,5-b]pyridazine derivatives in hand, we hypothesized
that whether the products 3 bearing four nitrogen centers to be
worked as ligands in transition metal catalysis. Although no
works about 1,2,4-triazolo[1,5-b]pyridazine skeleton as ligands
was reported in the past, we continued to evaluate its possibility
in the copper-catalyzed cycloaddition of carbon dioxide (CO2)
with epoxide. It is well-known that conversion or xation of CO2

to synthetically useful compounds has been an important topic
for synthetic chemists.11 Among numerous transformations of
CO2, one of the most attractive and direct synthetic goals
starting from carbon dioxide is the construction of ve-
membered cyclic carbonates because it has widely synthetic
uses. And in generally, ve-membered cyclic carbonates were
achieved from the corresponding diols and phosgene or related
compounds.11,12 In the past years, we have also demonstrated
several catalytic systems for the cycloaddition of epoxides with
CO2 with high efficiency.13 However, for most examples in the
previous studies, the cycloaddition of CO2 to epoxides for the
preparation of corresponding cyclic carbonates was generally
Fig. 1 The structure analysis of 1,2,4-triazolo[1,5-b]pyridazine 3a for
copper catalysis.

This journal is © The Royal Society of Chemistry 2017
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Scheme 5 Synthesis of new 1,2,4-triazolo[1,5-b]pyridazine-derived
oxazoline ligand 7.

Scheme 6 Copper-catalyzed alkynylation of 2,2,2-trifluoro-1-phe-
nylethanone with 1-ethynylbenzene in the presence of new 1,2,4-tri-
azolo[1,5-b]pyridazine-derived oxazoline ligand 7.
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conducted at relatively high reaction temperatures and high
pressures (CO2) in the presence of ionic liquids, metal halides,
or metal complexes as catalysts.14 Therefore, the development of
a simple and efficient methodology, especially at atmosphere
pressure, for the activation or xation of CO2 is a demanding
challenge and useful process for organic chemists.

In this part, we would like to applied the cycloaddition of
epoxide with carbon dioxide as a model reaction to evaluate the
performance of 1,2,4-triazolo[1,5-b]pyridazine derivative 3a as
a ligand in the copper catalysis. Initially, many attempts was
carried out using 3a as a ligand, to our delight, the cycloaddition
of carbon dioxide with styrene oxide was smoothly took place,
and numerous screening experiments about the effect of
temperature, pressure of CO2, as well as the ratio of copper salts
with ligand were investigated (Table 3). Under the optimized
reaction conditions, the styrene carbonate was obtained in an
excellent yield (82%), as shown in Table 3. Therefore present
nding provided an alternative method for the copper-catalyzed
synthesis of cyclic carbonates from CO2 and epoxides,15 which
would be an environmentally benign catalyst system in this
reaction.

To demonstrate the potential application of 1,2,4-triazolo
[1,5-b]pyridazine derivative 3a to the synthesis of other new
ligand, the palladium-catalyzed C–H heteroarylation of oxazo-
line16 was also utilized as a strategy to give a new 1,2,4-triazolo
Table 3 Copper-catalyzed cycloaddition of CO2 with epoxide 5 in the
presence of 1,2,4-triazolo[1,5-b]pyridazine 3a as liganda

Entry Cu catalyst Base Temp (�C) Pressure (atm) Yieldd (%)

1 CuCl2 DMF 100 1 30
2 CuCl2 DMAP 100 1 82
3 CuCl2 TBAB 100 1 61
4 CuCl2 TBAI 100 1 35
5 CuCl2 DMAP 70 1 25
6 CuCl2 DMAP 130 1 78
7 CuCl2 DMAP 160 1 56
8b CuCl2 DMAP 100 1 21
9c CuCl2 DMAP 100 1 52
10 CuBr2 DMAP 100 1 78
11 Cu(OAc)2 DMAP 100 1 34
12 CuCl2 DMAP 100 2 80
13e CuCl2 DMAP 100 1 20
14e CuCl2 — 100 1 NR

a Note: the ratio of Cu salt with ligand is 1 : 2, except note. b With 1
mol% of ligand (3a). c With 3 mol% of ligand (3a). d Determined by
GC-MS and it is the GC yield. e With the ligand 7.

This journal is © The Royal Society of Chemistry 2017
[1,5-b]pyridazine-derived oxazoline ligand 7 (Scheme 5, 70%
yield). Catalytic alkynylation of triuoromethyl ketones is an
important reaction in organic synthesis and organouorine
chemistry, which provided a facile process to the preparation of
uorinated propargylic alcohols.17 And in the past years, many
methods have been reported for the catalytic synthesis of such
uorinated alcohols by catalytic alkynylation of triuoromethyl
ketones.18 However, development of highly efficient benign
methodologies for alkynylation of triuoromethyl ketones is
still very important to the advancement of synthetic organic
chemistry. In this work, under the Shibasaki's reported reaction
conditions,18b we found the new 1,2,4-triazolo[1,5-b]pyridazine-
derived oxazoline 7 was a highly efficient ligand in this reac-
tion (>99% yield, see Scheme 6), albeit without enantiose-
lectivity in this case. We believed that the described reactions in
this work could be extended to the synthesis of structurally
diverse propargyl alcohols.

In summary, we have presented a novel and simple metal-
catalyzed tandem oxidative cycloaddition reaction, in which
the desired targets are offered easily via cooperative Cu(I) and
Zn(II)-catalyzed tandem C–N addition and subsequent I2/KI-
mediated intramolecular oxidative N–N bond formation.
Although the yields of the desired products were not perfect at
present, the method will be an attractive alternative for the
preparation of potentially biological active 1,2,4-triazolo[1,5-b]
pyridazine derivatives, with features such as the broad substrate
scope within short reaction time. The future applications of this
compound class and its derivatives in organic synthesis,
medicinal chemistry, and pesticide chemistry are still ongoing
in our laboratory.
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